O 2 . The zero point energy for the NO 2 isotopologues was determined from experimental vibrational energies, application of the Dunham expansion, and from canonical perturbation theory using several potential energy surfaces. Using the experimentally determined dissociation energies and the calculated zero point energies of the parent NO 2 isotopologue and of the NO product͑s͒ we determined that there is a common D e ϭ26 051.17Ϯ0.70 cm Ϫ1 using the Born-Oppenheimer approximation. The canonical perturbation theory was then used to calculate the zero point energy of all stable isotopologues of SO 2 , CO 2 , and O 3 , which are compared with previous determinations.
M. Thiemens
We have measured the rotationless photodissociation threshold of six isotopologues of NO 2 containing 14 N, 15 N, 16 O, and 18 O isotopes using laser induced fluorescence detection and jet cooled NO 2 ͑to avoid rotational congestion͒. For each isotopologue, the spectrum is very dense below the dissociation energy while fluorescence disappears abruptly above it. The six dissociation energies ranged from 25 O 2 . The zero point energy for the NO 2 isotopologues was determined from experimental vibrational energies, application of the Dunham expansion, and from canonical perturbation theory using several potential energy surfaces. Using the experimentally determined dissociation energies and the calculated zero point energies of the parent NO 2 isotopologue and of the NO product͑s͒ we determined that there is a common D e ϭ26 051.17Ϯ0.70 cm Ϫ1 using the Born-Oppenheimer approximation. The canonical perturbation theory was then used to calculate the zero point energy of all stable isotopologues of SO 2 , CO 2 
I. INTRODUCTION
Stable isotopes have a rich history of applications in chemical physics, biogeochemistry, and cosmochemistry. The observed shift in vibrational frequencies between a molecule and its isotopologues was utilized in early spectroscopy to obtain accurate force constants and bond angles. 1 
Urey
2 and Bigeleisen and Mayer 3 pioneered the theoretical basis for determining the differences in the thermodynamic and kinetic properties of isotopologues through the use of the isotopic reduced partition function. The temperature dependence of these differences results in isotopic compositions that are utilized as geochemical thermometers, biochemical tracers, and the ability to constrain budgets in biogeochemical systems. 4 The calculation of the partition function relies on approximations, specifically ignoring the electronic partition function and application of the harmonic oscillator and rigid rotor approximation models. These calculations assume the validity of the Born-Oppenheimer ͑BO͒ approximation and make predictions about the zero point energy ͑ZPE͒ for isotopically substituted molecules and their relative differences ͑⌬ZPE͒.
The shift of the ZPE between isotopologues is not directly accessible experimentally; rather they are derived from model dependent extrapolations of spectroscopic data ͑e.g., Dunham expansions͒. In contrast, for a few molecules, particularly NO 2 , the dissociation energy D 0 can be precisely measured and its isotopologue shift (⌬D 0 ) may be obtained for its isotopologues. In the Born-Oppenheimer limit, ⌬D 0 is equal to the difference of the ⌬ZPEs of the parent (NO 2 ) and product ͑NO͒ molecules ͑see below͒. Therefore, ⌬D 0 is a direct test of the BO approximation at high energies and an accurate measurement of ZPE if this limit is realized. In addition, precise D 0 and ⌬ZPE values are important for calculating the isotopic effect in photodissociation processes on Earth and other planetary atmospheres. 5, 6 Shifts in ZPE and non-Ramsperger, Rice, Kassel, and Marcus ͑RRKM͒ density of states distributions have recently been suggested as the source of mass-independent isotopic fractionations ͑MIF͒ that are known to occur during the formation of ozone. [7] [8] [9] [10] These observed mass-independent fractionations show approximately equal enrichments of 17 O and 18 O where the standard theory based on partition function ratios predicts that 17 O fractionations should be approximately half of those in 18 O when normalized to 16 O. 11 Recent theoretical studies on MIF mechanisms have suggested that the reduction of symmetry upon isotopic substitution is the root cause of the effect. 8 For C 2v triatomic molecules such as O 3 , NO 2 , SO 2 , the reduction of symmetry from C 2v to C 6 by a single oxygen isotopic substitution must be considered from both the energetic and dynamical points of view. The energetic aspect is related to the energy splitting, ⌬ZPE, between the two different dissociation channels, e.g., 18 9 The dynamical aspect is related to the density of rovibrational levels ͓(E)͔, a key parameter in RRKM theory. It has been suggested that (E) may be larger for the asymmetric isotopologues 8 providing the excited state asymmetric ozone a longer predissociative lifetime and enhanced quenching to ground state ozone. Since symmetry is broken by either 17 O or 18 O the enrichment is approximately equal. These studies also emphasized the importance of exit channel energies that are directly related to ⌬ZPE and that the existence of two different exit channels in asymmetric isotopologues is the key to the observed overall isotopic enrichment when conventional theory predicts overall depletion. 12, 13 However, there has been no direct experimental test of either ⌬ZPE or (E) in ozone at the dissociation threshold; rather they are derived from the culmination of experimental data on isotopic effects observed during the formation of ozone ͑see reviews by Thiemens 14 16 four symmetric and two asymmetric isotopomers are produced. Thus, spectroscopic analysis of rovibronic density is unattainable due to spectral congestion. Second, direct ozone dissociation is not observed at the D 0 threshold but only via predissociation, i.e., through a barrier. NO 2 is another C 2v molecule whose symmetry can be isotopically reduced to C s and should simulate the anomalous isotopic compositions observed in ozone. 8 Large mass independent compositions have been observed in atmospheric HNO 3 ͑the main sink of NO 2 ), but have been attributed to O atom transfer mechanisms during oxidation by ozone. 17 This model assumes that there is no fundamental MIF process occurring during NO 2 photochemistry. Isotopic studies on the photodissociation dynamics of NO 2 isotopologues are significant as NO 2 is a prototype C 2v molecule that may be used to test current MIF theoretical predictions of non-RRKM density distributions. In addition, isotopic effects arising from ⌬ZPE or dissociation dynamics are important for understanding mass dependent isotopic fractionations in NO 2 and their applications in biogeochemical systems involving NO x . NO 2 is highly amendable to spectroscopic studies because of its fluorescence properties up to D 0 . 18 -20 These characteristics make NO 2 the ideal molecule to test some of the recent MIF theories and also to numerically verify the accuracy of the Born-Oppenheimer approximation with respect to classical isotopic fractionation models for molecules with low lying electronic states. Here we present the precise determination of D 0 for six isotopologues of NO 2 using jet cooled laser induced fluorescence ͑LIF͒. Then, we relate the variations of D 0 (⌬D 0 ) to the shifts in the ZPE ͑⌬ZPE͒ of NO 2 and of the NO products by assuming that the Born-Oppenheimer approximation is valid. We also compare the ZPE and ⌬ZPE obtained by two methods, namely, the anharmonic Dunham expansion and canonical perturbation theory ͑CPT͒. 23 The CPT method is then used to determine the ZPE of all isotopologues of several triatomic molecules important in atmospheric chemistry: O 3 , SO 2 , and CO 2 . In a forthcoming paper we will address the effect that symmetry has on the density of states near D 0 for the NO 2 molecule and its relevance to current MIF theory.
II. EXPERIMENT
The LIF experimental setup has been detailed previously. 24 Briefly, an Ar ϩ pump laser ͑Spectra Physics͒ generates Ϸ15 W of 512 and 488 nm light that is used to excite a tunable, monomode, cw Ti:sapphire laser ͑Coherent 899͒. The Ti:sapphire crystal lases and generates a spectrum of light spanning ϳ700-1000 nm, which can be tuned using two etalons and one Lyot filter ͑three plates͒ to a spectral width of few megahertz with an output power of ϳ2 W. A small portion of the beam is split and passed through both a Fabry-Perot etalon and a 1 m iodine cell ͑at 800 K͒. The etalon is used to check and calibrate scan linearity, while a custom-built 8-digit lambdameter is used to measure wavelengths to within 150 MHz ͑relative͒ and 500 MHz ͑abso-lute͒. The iodine cell refines the calibration of the absolute energy scale using the known I 2 spectral atlas for energies between 11 000 and 14 000 cm
Ϫ1
. The main portion of the tuned beam is then frequency doubled using a lithium diborate ͑LBO͒ doubling crystal ͑doubler: laser analytic systems͒ giving an output beam spanning 380-410 nm with few megahertz of linewidth and an intensity up to ϳ200 mW. The doubled beam is directed through a jet expansion chamber whose internal pressure is maintained at ϳ10 Ϫ2 Torr using two root pumps ͑1000 and 250 m 3 /b͒ and a mechanical pump.
A 1% mixture of NO 2 in a He carrier gas is injected into the chamber through a 100 m pinhole jet with a back pressure of 3 bars. The gas passes through a pinhole jet and undergoes supersonic expansion that rotationally cools the NO 2 down to ϳ1 K. The laser beam intersects the molecular jet Ϸ3 mm after the pinhole. This produces a fluorescence ''flame,'' the length of which depends on the lifetime of the excited level. This flame is imaged out of the chamber and screened with a narrow observation slit, Ϸ300 m in width and 4 mm long, and detected using a photomultiplier tube. This slit allows one to observe only the excited molecules, which travel perpendicular to the laser beam and for which the Doppler shift effect is zero. An aliquot ͑ϳ1/3͒ of each NO 2 isotopologue was retained to be used in future high-resolution Fourier transform infrared studies. All NO 2 isotopologues were kept in precleaned glass vials and stored in the dark prior to analysis.
Prior to each LIF experiment one of the isotopologues was transferred to a high-pressure stainless steel tank and high purity He ͑99.99% pure͒ was added to a total pressure of ϳ30 bars. Because pure, rare isotope gases are expensive and only available in limited quantities we added a cryogenic trap ͑77 K͒ just ahead of the root pump outlet attached to the laser vacuum chamber in order to trap the residual NO 2 gas. A secondary collection system was added in parallel to the main trap to collect the NO 2 for reuse without exposing the vacuum chamber to the atmosphere. The liquid nitrogen trap installed after the expansion cavity recovered Ͼ90% of the NO 2 flux with minor contamination of the oxygen isotopes from either H 2 O absorbed on the metal surface or from residual NO 2 from previous runs, allowing for multiple analysis of each isotopologue.
III. EXPERIMENTAL DISSOCIATION ENERGIES "D 0 … OF SIX 6 NO 2 ISOTOPOLOGUES
The NO 2 dissociation energy threshold (D 0 ) corresponds, experimentally, to the abrupt disappearance of the NO 2 fluorescence when the photon energy increases to energies above D 0 . 18 Correlatively, just above D 0 , it has been shown that LIF signals of the dissociation products, the NO molecule and oxygen atom, appear. 19, 25 The fluorescence spectrum for the 14 O isotopologues spectra. Therefore, in order to spectroscopically establish D 0 of the two asymmetric isotopologues the spectral resolution and energy scale must be of sufficient precision to allow subtraction of the symmetric isotopologues spectra's from those of the mixed gas containing the asymmetric species. Similar difficulties arose from contamination of a few percent of light isotopes in our enriched gases; however these also could be resolved using intensity changes and correlations with energy at high spectral resolution. The determination of the D 0 energies ͑summarized in Table I͒ presented in the following sections will consider the symmetric isotopologues first, as these are the least ambiguous. The excitation lines caused by isotope contamination in the enriched samples ͑or natural abundance in 14 N 16 O 2 ) are very minor in intensity for these spectra. After establishing these D 0 energies, the more complex asymmetric isotopologues D 0 energies will be attained by peak subtractions from complex spectra. time faster than fluorescence, resulting in negligible fluorescence. However, the expected lifetime fluctuations are very large 30 and resonance with long lifetime above D 0 ͑i.e., with significant radiative probability͒ cannot be fully excluded for asymmetric isotopologues.
A. D
The same energy and intensity correlations were observed in the scrambled NO 2 gas containing the 15 .
IV. ISOTOPIC EFFECTS ON DISSOCIATION ENERGIES AND THEIR RELATION TO ZERO POINT ENERGIES
Within the BO approximation, the isotopologue dependence of D 0 , the dissociation threshold of the NO 2 ϩh →NO( 2 ⌸ 1/2 )ϩO( 3 P 2 ) process is given by
In Eq. ͑1͒, D 0 and ZPE NO 2 are specific to each NO 2 isotopologue and ZPE NO specific to each possible NO dissociation product, while D e is assumed to be the same for all NO 2 isotopologues. The precise D 0 values of the six NO 2 isotopologues given above are used to confirm the validity of Eq. ͑1͒, which is based on the Born-Oppenheimer approximation, by determining if the D e are constant for each of the NO 2 isotopologues. The BO approximation is often tested by assuming theoretical or semiempirical potential energy models and comparing predicted vibrational bands with those observed via high-resolution spectroscopy. For example, isotopologues of water largely agree with the BO approximation; however improved data fits were obtained by including various non-BO corrections. 31 It has also been shown that at low energies O 3 also closely follows the BO approximation, 32 but whether this holds at higher energies is not known because the D 0 of O 3 cannot be measured at spectroscopic accuracy. In addition, nonspectroscopic methods for determining D 0 have uncertainties that are large relative to the ⌬D 0 ͑ϳ10 cm Ϫ1 ͒, e.g., on the order of Ϯ0.02-0.05 eV ͑160-400 cm Ϫ1 ͒ for ozone. 33 Additional difficulties arise from the presence of conical intersections, where excited vibrational states occur on multiple electronic surfaces and are known to cause a breakdown in the BO approximation. Using Eq. ͑1͒ and the precise D 0 energies allows for a stringent test of the BO approximation at high energies. Once Eq. ͑1͒ is validated, it can be used to predict D 0 for the other isotopologues of NO 2 that contain the 17 O isotope. The ZPE NO can be expressed by a Dunham expansion: G(0)ϭ1/2 e ϩ1/4 e x e ϩ1/8 e y e ϩ¯. The e , e x e , and e y e ͑the zero order frequencies and anharmonic constants͒ for the main isotopologues of NO have been previously analyzed spectroscopically 34, 35 and the corresponding ZPEs are given in Table I . The e * , e x e * , and e y e * for the NO isotopologues ͓where * denotes the rare ͑heavy͒ isotopologues͔ can also be calculated from the main isotopologue values and utilization of the powers of the square root of the reduced mass ratio. 1 Globally, the relative values of NO ZPEs may be estimated to within a few 10 Ϫ2 cm Ϫ1 and these uncertainties may be neglected because they are much lower than the errors on ZPE of NO 2 isotopologues, which are discussed below.
The ZPE for each NO 2 isotopologue can be obtained either by methods using PESs (ZPE CPT see below͒ or from experimental results using the Dunham expansion (ZPE Dun ), which for polyatomics without degenerate mode is Here x i j , y i jk , and z i jkl are the anharmonicity constants determined from a fit of experimental vibrational energy levels. For triatomic molecules, each isotopologue has its own set of three normal harmonic frequencies i , which can be calculated using the GF matrix method detailed by Wilson, Decius, and Cross. 36 Note that the GF matrix method requires four force constants for nonlinear ABA molecules and does not consider anharmonicities. Unknown isotopologues anharmonic constants can be estimated from the empirical relations: 41 Combined with previous IR measurements the Dunham expansion up to the z i jkl coefficients have been determined. 41, 42 A comparison of various sets of Dunham parameters exhibits significant differences due to the fact the various Dunham parameters are not independent, but depend instead on the maximum order ͑up to x i j or to y i jk or to z i jkl or to¯͒ and on the set of fitted levels ͑see . The D e values calculated using the precise D 0 energies and the ZPE Dun calculations ͓Eqs. ͑2͒ and ͑3͒ and GF matrix͔ above are given in Table I . It is noteworthy that the ⌬ZPE Dun are nearly additive, e.g., ⌬ZPE͑848͒ is close to 2⌬ZPE͑846͒, or ⌬ZPE͑858͒ is close to ⌬ZPE͑848͒ϩ⌬ZPE͑656͒.
V. DETERMINATION OF ZPE FROM CANONICAL PERTURBATION THEORY
The ZPEs of NO 2 isotopologues were also calculated by applying canonical perturbation theory 23 (ZPE CPT ) to the PESs of Hardwick and Brand 43 ͑Table I͒, Tashkun and Jansen, 44 and Schryber et al. 45 Briefly, the PESs and the kinetic energy operators are first Taylor-expanded around the minimum of the PES, and the GF matrix method 36 is applied in order to express the resulting polynome in terms of the dimensionless normal coordinates. A series of canonical ͑or unitary͒ transformations is then performed in order to rewrite the Hamiltonian of the system in terms of as complete as possible a set of good quantum numbers. For NO 2 , the transformed Hamiltonian thus depends uniquely on the three good quantum numbers for symmetric stretch, bend, and antisymmetric stretch, respectively, and the energies of the system are just obtained as a polynomial function of these quantum numbers ͓see, for example, Eq. ͑2͒ for the energy of the ground state͔. This is also the case for SO 2 . In contrast, in the case of O 3 , the symmetric and antisymmetric stretches are coupled by a 1:1 Darling-Dennison resonance, while in the case of CO 2 the symmetric stretch and the bend are coupled by a 2:1 Fermi resonance. These resonances must be taken into account in the canonical transformations, so that one quantum number is lost for O 3 and CO 2 . Since the ground state is not coupled to any other state, this has, however, no influence on the calculation of its energy, which is still obtained from the evaluation of an expression of the form of Eq. ͑2͒.
The ZPE CPT obtained by applying CPT to the quartic PES of Hardwick and Brand 43 are similar to ZPE Dun , but are systematically larger by about 3 cm Ϫ1 ͑2.88 cm Ϫ1 on average͒, while the ZPE CPT obtained from the PES of Tashkun and Jansen 44 are systematically larger by about 6 cm Ϫ1 compared with ZPE Dun . This latter PES has been designed to reproduce a large number of high lying vibrational levels, at the cost of a less accurate description of the bottom of the PES. The same arguments hold for the PES of Schryber et al., 45 while the recent ab initio PES of Kurkal, FleuratLessard, and Schinke 46 results in still much higher ZPEs, because it was not adjusted against experimental energies as the three former PES. [43] [44] [45] Therefore only the ZPE CPT from the PES by Hardwick and Brand PES ͑Ref. 43͒ are considered below.
At this point, two comments are in order. First, the accuracy of CPT results are limited by the quality of the PES. Errors in the PES are, however, systematic ones, in the sense that they are essentially independent of the isotopologue under consideration. Therefore, these errors are almost not reflected in the computed isotopic energy shifts. This implies that the isotopic energy shifts are computed with a much higher accuracy than the energies of the ground states themselves. The second remark deals with the fact that the kinetic energy operator, which is used in CPT calculations, is an approximate one. For example, the so-called potential-like kinetic term, which arises from the nonlinear relationships between Cartesian and valence or Jacobi coordinates, is not taken into account. This results in an additional error in the computed ground state energies, which can reach a few cm
Ϫ1
. Again, this error is essentially systematic ͑i.e., almost isotopologue independent͒, so that it affects only very weakly the computed isotopic energy shifts.
For NO 2 , these arguments lead us to use rescaled ZPEs, defined as ZPE CPT-Resc ϭ0.998 393ZPE CPT for the determination of D e , instead of ZPE Dun . The scaling factor 0.998 393 is the ratio ZPE Dun (646)/ZPE CPT (646), which rescales ZPE CPT with respect to ZPE Dun for the 646 isotopologue, the only isotopologue for which precise experimental vibrational energies ͑and thus ZPE Dun ) are known. The ZPE CPT-Resc are listed in Table I and used to determine the ''best'' set of D e values, and the initial ZPE CPT and ⌬ZPE CPT ͑not rescaled͒ can be found in Table II These results show that the isotopologue shifts of ZPEs, ⌬ZPE, determined by CPT calculations are precise to within a fraction of a cm Ϫ1 . Given the confirmed accuracy of the CPT method for the isotopologues of NO 2 , we next used the same method to determine the ⌬ZPE for three molecules, which are important in atmospheric chemistry, namely, O 3 , SO 2 , and CO 2 . Results can be found in Table II . The recent surfaces of Tyuterev et al. 32 for ozone, of Martin 47 for SO 2 , and of Zuniga et al. 48 for CO 2 were used in CPT calculations. These calculated ⌬ZPEs are compared with previous experimental determination, available in Fig. 5 . There is an overall good agreement between CPT calculations and spectroscopic data, with differences usually smaller than 1 cm Ϫ1 . CPT calculations thus provide precise ⌬ZPE for triatomic molecules where no spectroscopic data are available.
VI. CONCLUSIONS
Using jet cooled conditions and LIF techniques the dissociation energies of six isotopologues of NO 2 tainty of Ϯ0.05 cm Ϫ1 . Note that these corrections will be confirmed in the future by the measurement of the vibrational energy levels of various isotopologues of NO 2 .
Moreover, the agreement between experimental results and canonical perturbation theory calculations shows that this method can be used to determine the ⌬ZPE for a variety of oxygen symmetric triatomic molecules. These precise values can be used to determine isotopic fractionation factors arising from a ⌬ZPE in chemical and photochemical reactions as well as constraints on expected fractionations in isotopic models.
